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Hepatocyte growth factor/scatter factor (HGF /SF) is a 
multifunctional polypeptide that acts as a mitogen, 
motogen, or morphogen, depending on the biologic 
context. In this study, we examined the effect ofHGF / 
SF on hair growth using a serum-free organ culture 
system. Vibrissal hair follicles isolated from newborn 
mice were cultured at 31 0 C in 95% O 2/5% CO2 for 72 h 
in the presence of various cytokines or growth factors, 
and elongation of hair shaft, DNA, and protein synthe-
sis in hair follicles were measured. Among the agents 
tested, only HGF /SF significantly increased hair folIi-
T he hair follicle is a skin appendage that controls the cyclic growth of hair. It is composed of epithelial (the matrix and outer root sheath) and dermal (the dermal papilla and connective tissue sheath) elements. Coop-erative interaction of these two components is crucial 
for hair development and growth, but the mechanisms regulating 
these events have not been well understood [1- 6] . Recently, some 
reports have suggested the involvement of specific cytokines and 
growth factors in the regulation of hair growth (for review see [5]) . 
Epidermal growth factor (EGF) receptor [7,8], bas ic fibroblast 
growth factor (bFGF) [9,10], and transforming growth factor-p 
(TGF-P) [11,12] have been detected in hair follicles by immuno-
logic technique. Mice homozygous for a disrupted transforming 
growth factor-a (TGF-a) gene displayed altered hair morphology 
[13,14] . However, unexpectedly, exogenous application of EGF, 
TGF-a, TGF-p, or bFGF retarded hair growth in organ culture and 
animal models [2,15- 17]' although DNA synthesis of cultured 
outer root sheath cells was stimulated by TGF-a [18]. 
The lack of a precise understanding of the effect of various factors 
on hair growth is partly due to difficulties in the isolation and 
culture of germinative hair matrix cells. Organ culture of hair folli-
cles has proved to be a convenient and reproducible method to test 
the effect of a factor [2,19,20] . By modifying the organ culture 
system introduced by Philpott et al [2], we recently succeeded in 
cultivating hair follicles in serum-free medium under 95% O 2/ 
5% CO2 at 31°C [21- 23], which has the advantage of eliminating 
the influence of undefined components. In a survey designed to test 
the impact of different cytokines and growth factors in this system, 
we found that hepatocyte growth factor/scatter factor (HGF /SF), a 
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cle length (p < 0.001), 3H-thymidine (p < 0.001), and 
35S-cysteine (p < 0.05) incorporation. The effect of 
HGF /SF was dose dependent, with maximal stimula-
tion obtained at 10 ng/ml. The increase in hair follicle 
length and thymidine incorporation were specifically 
inhibited by a neutralizing antibody against HGF /SF. 
These results indicate that HGF /SF can promote hair 
growth and may have clinical utility in this regard. Key 
words: cytokines /fibroblast growth factor /TNFOt./IL-1 Ot.. ] 
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multifunctional polypeptide originally identified as a mitogen for 
hepatocytes [24- 26]' had a singularly positive impact on hair 
growth. Here we present the results of a study investigating the 
effect of HGF /SF on the growth of mouse vibrissal hair follicles in 
this organ culture system. 
MATERIALS AND METHODS 
Materials All cytokines and growth factors used in this study were 
human-derived recombinant proteins. HGF/SF (723-amino-acid variant) 
[27] was prepared with a baculovirus expression system and purified to 
homogeneity by heparin-TSK chromatography. Keratinocyte growth factor 
(KGF, also known as FGF-7) was generated with a bacterial expression 
system and purified as described [28]. Basic fibroblast growth factor 
(bFGF = FGF-2) was kindly donated by Synergen, Inc. (Boulder, CO). The 
other reagents were purchased from the following compal~ies: acidic fibro-
blast growth factor (aFGF = FGF-l , R&D systems, Minneapolis, MN), 
epidermal growth factor (EGF, Wakunaga Pharmaceutical Co., Ltd. , Hiro-
shima, Japan), transforming growth factor-a (TGF-a, Biotope Inc., Red-
mond, WA), transforming growth factor-p (TGF-p, R&D systems), insu-
lin-like growth factor-I (IGF-I, Collaborative Research Inc., Waltham, 
MA), interleukin-la (IL-la, Genzyme Corp., Cambridge, MA), interleu-
kin-6 (IL-6, Ge112yme Corp.), and tumor necrosis factor-a (TNF-a, R&D 
systems). The reagents were prepared as 1 Itg/ml stock solutions in phos-
phate-buffered saline (PBS) containing 0.1 % bovine serum albumin (BSA; 
SigJ;lla A-4919, St. Louis, MO). A polyclonal neutralizing antibody against 
human HGF/SF was raised in rabbits as previously described [26]. 
Organ Culture of Mouse Vibrissa I Hair Follicles Isolation of hair 
fo llicles from mouse vibrissae, and their organ culture, were performed as 
previously described [23]. Newborn mice (C57BL6 X C3H)Fl (B6C3F1) 
were purchased with their mother from Japan SLC, Inc., Shizuoka, Japan) 
and used at the ninth day. After ether anesthesia, anagen stage-nine follicles 
from the two ventral-dorsal rows were harvested from each pad using a knife 
and tweezers. An organ culture dish (Falcon 3037; Becton Dickinson Lab-
ware, Franklin Lakes, NJ) was filled with 0.75 ml of serum-free RPMI 1640 
medium in the central hole, over which a stainless steel mesh and lens paper 
were placed. Six vibrissal hair follicles from a single litter of pups were placed 
on the lens paper in each dish so as to be covered with the growth medium. 
The follicles were cultured at 31·C in 95% O 2/5% CO2 for 72 h in the 
presence of reagents with an exchange of fresh medium and reagents after 
24 h. 
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Figure 1. Effect of various cytokines and growth factors on hair 
follicle length and DNA synthesis. Hair follicles were cultured in serum-
free RPM! 1640 medium with indicated factors for 72 h. The results shown 
here were obtained with the optimal concentration for each factor in parallel 
experiments, and expressed as percentage of the control. A, hair fo llicle 
length, n = 6; B, 3H-thymidine incorporation, n = 3. Bars, means ± SEM. 
• P < 0.01, •• P < 0.001. 
Measurement of Hair Follicle Length T he effect of a reagent was 
evaluated by measuring elongation of six vibrissal hair follicles. Changes in 
hair follicle length were calcu lated using a scale included in photographs of 
the organ cultures taken from a uniform distance at time zero and after 72 h 
incubation. 
DNA and Protein Synthesis DNA and protein synthesis in the hair 
foll icles were determined by measuring the incorporation oPH-thymidine, 
3H-leucine, and 35S-cys teine (Amersham, Buckinghamshire, UK). Six vi-
brissal hair follicl es were cultured in one plate with a test reagent in serum-
free RPM! 1640 medium for 24 h, followed by reagent plus 3H-thymidine 
(2 jlCi/ml), 3H-Ieucine (1 J1Ci/ml), or 35S-cysteine (2 J1Ci/ml) for an addi-
tiona148 h. The vibrissal hair bulbs (for DNA synthesis) or the lower half of 
the vibrissal hair follicl es (for protein synthesis) were separated with a knife 
and homogenized in 10% trichloracetic acid (TCA). Radioactivity corre-
sponding to the homogenate derived from six hair fo llicles was measured as 
one sample with a scintillation counter (Beckma n, model LS-3801, Los 
Angeles, CAl. The data were expressed by dividing the disintegrations per 
minute (dpm) by the total DNA content of the homogenates measured by a 
fluorometric assay [29]. 
Statistical Analysis Al l data were compared with those in control group, 
and analyzed by the Student paired t test. Results were expressed as means ± 
SEM. 
RESULTS 
Eff"ect of Various Cytokines and Growth Factors on Hair 
Follicle Length and DNA Synthesis Several reagents were 
tested repeatedly in the mouse vibrissae organ culture system at 
concentrations of 0.1,0.5, 1.0,5, 10, and 30 ng/ ml. Figure 1 sum-
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Figure 2. Concentration dependence of hair follicle growth and 
DNA synthesis on HGF/SF. Hair follicles were cultured for 72 h with 
different concentrations of HGF/SF. A, hair follicle length, n = 6; B 3H_ 
thymidine incorporation, n = 5. Bars, means ± SEM. • P < 0.05, •• P < 
0.01. 
marizes the results of these assays obtained with the optimal con-
centration for each factor in parallel experiments. The measure-
ments of hair follicle length and thymidine incorporation were well 
correlated. Among the 11 tested materials, IL-la and TNF-a sup-
pressed DNA synthesis of hair follicl es at the indicated concentra-
tions (p < 0.01). In contrast, HGFjSF significantly stimulated both 
growth and DNA synthesis of the hair fo llicles (p < 0.001). All the 
other factors did not show a statistically significant stimulatory or 
inhibitory effect on hair fo llicle length in the concentration range 
tested . 
Effect of HGF jSF on Growth, DNA, and Protein Synthesis 
The dose-response of HGF jSF on hair length and DNA synthesis 
are illustrated in Fig 2. HGFjSF stimulated follicle elongation and 
DNA synthesis at increasing concentrations up to 10 ngjml (p < 
0.01), with no further rise at 30 ng/ml. As shown in Fig 3, this 
effect was blocked by an HGF/SF-specific neutralizing antiserum 
but not by a control antiserum. The photographs of hair follicles in 
Fig 4 illustrate the results obtained from the experiments summa-
rized in Fig 2. It is evident that the hair shaft of HGFjSF-treated 
follicles grew longer than the controls during the 72-h incubation 
period. The histologic structure of the hair follicles remained intact 
throughout the incubation period in the serum-free medium. Au-
toradiographs of the vibrissal hair follicles incubated with 3H-thy-
midine demonstrated that incorporated 3H-thymidine was localized 
primarily to cell s of the hair bulb (data not shown). Figure SA,B 
show that HGF jSF increased incorporation of 35S-cysteine (p < 
0.05) but not 3H-Ieucine. 
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Figure 3. Inhibition of follicle growth by HGF / SF-specific anti-
serum. Incubation time, 72 h. A, hair follicle length, n = 6; B, 3H-thymi-
dine incorporation, n = 4. Latle 1, control ; latle 2, HGF/SF (10 ng/m1); latle 
3, anti-HGF/SF (lgG 2 Jlg/ml) + HGF/SF (10 ng/ml); latle 4, nonimmune 
IgG (2 Jlg/ml) + HGF /SF (10 ng/ml); latleS, anti-HGF /SF IgG (2 Jlg/ml); 
latle 6, nonimmune IgG (2 Jlg/m1). Bars, means ± SEM. 
DISCUSSION 
The results clearly show that of all the materials tested in our mouse 
vibrissae organ culture system, only HGF jSF stimulated hair 
growth. Thymidine incorporation in the hair follicles was signifi.-
cantly inhibited by treatment with IL-1a and TNF-a, and mildly 
inhibited by TGF-a and TGF-p. The latter finding was consistent 
with a previous report that described an inhibitory effect ofEGF and 
TGF-p in organ culture [2] . In contrast, HGF jSF promoted elonga-
tion of the hair follicle and increased the incorporation oPH-thy-
midine and 35S-cysteine into DNA and protein, respectively. Suc-
cessful abrogation of these growth-enhancing effects with an 
antiserum raised against human HGF jSF confirmed the specificity 
of the active agent. 
To evaluate hair growth in an organ culture system, parameters 
such as hair follicle length, histology, hair keratin pattern, and 
incorporation of radio labeled materials have been used [2,19-23]. 
In our serum-free culture system [22,23], normal hair follicle mor-
phology and linear increase in 3H-thymidine and 35S-cysteine in-
corporation have been shown in an incubation period of up to 96 h. 
Longer incubation with radiolabeled materials was performed to 
minimize the experimental variations by increasing the dpm of each 
group because every 12-h pulse labeling up to 48 h incubation pe-
riod remained constant in the system (data not shown). Whereas the 
stimulation of 3H-thymidine and 35S-cysteine incorporation could 
result from a change in the permeability of cells to these small 
molecules, it is also consistent with an increase in the rate of DNA 
and protein synthesis. Moreover, the fact that the morphology of 
the elongated follicle was normal suggested the increased length 
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Figure 4. Elongation of hair follicles by HGF /SF. Hair foll icles ob-
tained from the experiments in Fig 2 were shown as rypical examples. 
Photographs were taken at time zero and after 72 h incubation. A rrows, ends 
of hair follicle and tip. Laue 1, control at 0 h; laue 2, HGF/SF-treated follicle 
(10 ng/ml) at 0 h; latle 3, control at 72 h; latle 4, HGF/SF-treated follicle 
(10 ng/ml) at 72 h. Elongation in control, 1.33 mm; elongation in H GF/ 
SF-treated hair follicle, 1.73 mm. Bar, 0.6 mm. 
was due to an organized growth process mimicking events in vivo. 
As we reported previously [23] , the increase in 35S-cysteine but not 
3H-leucine incorporation was presumably due to the fact that cys-
teine is an especially abundant amino acid constituent of hair pro-
tein [30]. 
HGFjSF is a heterodimeric polypeptide originally identified as a 
mitogen for hepatocytes [24 - 26], but subsequently shown to stim-
ulate the growth of a variety of epithelial cells as well as melanocytes 
and endothelial cells [27 ,31-37]. It is identical to scatter factor 
[37 -40] , which enhances the motility of many epithelial and vas-
cular endothelial cells [31 ,34,36,37] . It also can function as a mor-
phogen [41]. inducing epithelial [42] or endothelial [43] tubule 
formation in the appropriate setting. HGFjSF is thought to func-
tion in a variety of organs as a paracrine factor secreted by meseu-
chymally derived cells and active on neighboring epithelial or en-
dothelial cells [25 - 27]. although a systemic route of delivery may 
also be operative [44,45]. 
We recently detected HGFjSF transcripts in cultured dermal 
papilla cells (unpublished observation), suggesting a possible role 
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Figure 5. Stimulation of hair follicle protein synthesis by HGF/SF. 
Hair follicles were cultured with 10 ng/ml HGF/SF for 24 h, and with 
fresh H GF/SF and 3H-leucine (1 mCi/ml) or 35S-cysteine (2 mCi/ ml) for 
an additional 48 h. A, 35S-cyste ine incorporation, n = 10; B, 3H-leucine 
incorporation, n = 10. Bars, means ± SEM. N S, not significant; • p < 0.05. 
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for endogenous HGF/SF in hair growth. Although the antiserum 
used in this study did not inhibit the basal level of growth in the 
organ culture system, because the antiserum crossreacts poorly with 
mouse HGF /SF the potential contribution of endogenous HGF /SF 
to hair development remains an open question. If HGF/SF is se-
creted by dermal papilla cells, it might act as a paracrine growth 
factor stimulating the proliferation of hair matrix cells. However, 
considering that TGF-a, another potential mitogen for hair matrix 
celis, did not promote hair growth in organ culture, it is possible 
that the stimulatory effect ofHGF/SF was due to its morphogenic 
[42] or motility inducing [31,36] properties. Further studies to ex-
plore the effect of this factor in animal models and to analyze its 
activity on cultured cells are underway as part of an effort to evaluate 
the clinical utility of HGF/SF for hair growth. 
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